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SUMMARY 

Radial-bladed centrifugal pumps for liquid hydrogen may be expected 
to utilize relatively large outlet- to inlet-diameter ratios and large 
numbers of splitter blades in order to avoid flow reversals along the 
blade surfaces. A 4-inch-diameter hydrogen pump was designed and ex- 
perimentally investigated. 
tion adapted from a centrifugal-compressor design which, through an 
iterative procedure, resulted in passage and blade shapes, number and 
position of blades, and calculated velocities throughout the pump rotor 
passage. 
coefficient of 0.2, a pressure coefficient of 0.585, and an indicated 
hydraulic efficiency of about 0.65. 
for a small low-specific-speed pump rotor and is taken as an indication 
that the arbitrary area allowance made for desired velocity distributions 
is of the right order of magnitude and that reasonably good internal flow 
conditions were established. An unshrouded model of this pump rotor was 
also investigated. However, as might be expected when minimum allowable 
clearance is large compared to the height of the flow passage, a large 
reduction in performance was experienced compared with the shrouded-pump 
performance. 

The design utilized a stream-filament solu- 

A 4-inch-diameter shrouded pump rotor was operated at a flow 

This is a relatively good performance 

INTRODUCTION 

Considerable efforts are being exerted to utilize liquid hydrogen 

In these applications a pump is necessary to move 
as a rocket propellant both in the high-energy chemical system and in 
the nuclear system. 
the liquid hydrogen from the low-pressure tank to the high-pressure 
thrust chamber or reactor. 
sult in problems in designing pumps with these relatively large pres- 
sure rises. 

The fluid properties of liquid hydrogen re- 

The pressure produced by a pump rotor is proportional to the product 
of three terms: the fluid density, the pump rotor tip speed, and the 
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tangential velocity (assuming zero inlet tangential velocity). 
first term of this product (the fluid density) is very low for liquid 
hydrogen, being approximately one-fourteenth that of water. Thus, to 
produce a large pressure rise, a hydrogen-pump rotor must utilize high 
rotational speeds and/or large changes in fluid tangential velocities. 
Rotational speed is limited by stress and mechanical problems involving 
bearings and seals. The change in fluid tangential velocity is limited 
to prevent fluid losses from becoming prohibitive. 

The 
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The effect of large changes in fluid tangential velocity merits 
some further discussion. Fluid losses result from large velocity gra- 
dients in the pump rotor passage due to the relative turning of the fluid 
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necessary to obtain large changes in tangential velocity. Large changes 
in tangential velocity also result in high velocities in the pump volute 
and must be expected to increase the diffusion losses in this region. 
Turning the fluid beyond the radial direction results in changes in the 
slope of the head-flow characteristics, making it difficult to match the 
pump and the flow systems. 
minimize blade bending stresses due to centrifugal forces and make pos- , 
sible high rotational speeds to obtain the high pump pressure rise re- 
quired. 
direction seems to result in a reasonable design to meet the high head 
requirements of liquid-hydrogen pumps. 

Radial outlet pumps with radial blades 

* 
Thus, a centrifugal pump rotor turning the fluid to the radial. 

The problems associated with the design and the performance char- 
acteristics of a radial outlet pump rotor with radial blades have been 
investigated at the NASA Lewis Research Center. 
diameter was designed utilizing centrifugal-Compressor design methods to 
approximate the fluid velocity gradients. 
characteristics of this pump rotor were determined using liquid hydrogen 
as the test fluid. 
sented in this report. 

A pump rotor of 4-inch 

Experimental performance 

The design and performance characteristics are pre- 

PUMP ROTOR DESIGN CONSIDERATIONS 

In the design of a pump rotor, it is first necessary to establish 
the pump rotor inlet and exit vector diagrams. 
requirements set the inlet tip vector diagrams. 
pressure above the fluid vapor pressure is available for conversion to 
velocity without cavitation. The inlet flow angle can be optimized to 
give the highest suction specific speed S, as indicated in reference 1 
(all symbols defined in appendix A). However, since in this investiga- 
tion sufficient pressure will be supplied at the pump inlet to avoid 
cavitation, no particular cavitation problems are considered. The inlet 
tip vector diagram (fig. l(a)) for this design was arbitrarily assigned 
an angle of 7% , which corresponds to the optimum relative flow angle 

Generally, the cavitation 
At the rotor inlet the 
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necessary  t o  o b t a i n  a suc t ion  s p e c i f i c  speed of about  10,000. Assign- 
ment of e i t h e r  t i p  speed o r  a x i a l  ve loc i ty  w i l l  be s u f f i c i e n t  t o  complete 
t h e  i n l e t  t i p  vec to r  diagram. 

The t i p  d ischarge  vec tor  diagram i s  formed by t h e  r e l a t i v e  o u t l e t  
f low v e l o c i t y  and t h e  design o u t l e t  t i p  speed. Since i n  t h i s  design t h e  
r e l a t i v e  f l u i d  f low a t  t h e  r o t o r  discharge i s  r a d i a l ,  t h e  head developed 
i s  determined by t h e  r o t o r  o u t l e t  t i p  speed. The d ischarge  v e c t o r  d i a -  
gram f o r  t h i s  type  of design i s  i l l u s t r a t e d  i n  f i g u r e  l ( b ) ,  i n  which t h e  
average through-flow f l u i d  v e l o c i t y  l e v e l  has  not  been e s t ab l i shed .  The 
e f f e c t  of t h e  average through-flow v e l o c i t y  on blade-to-blade v e l o c i t y  
g r a d i e n t s  w i l l  be considered l a t e r .  

General  cons ide ra t ions  i n d i c a t e  t h a t  c e n t r i f u g a l  pumps f o r  l i q u i d  
hydrogen would r e q u i r e  r a d i a l  o u t l e t  blades.  Because of t h e s e  radial 
o u t l e t  b lades ,  t h e  pump may r e q u i r e  a l a r g e  change i n  diameter from i n -  
l e t  t o  o u t l e t  i n  order  t o  ob ta in  s u f f i c i e n t  b lade  l eng th  t o  main ta in  flow 
without excess ive  v e l o c i t y  g rad ien t s .  The use of l a r g e  o u t l e t -  t o  i n l e t -  
diameter r a t i o s  r e s u l t s  i n  low i n l e t  r e l a t i v e  v e l o c i t i e s ,  t hus  reducing 
t h e  i n l e t  c a v i t a t i o n  problem. Mechanical problems, such as bea r ing  DN 
numbers and s e a l  su r f ace  speeds,  a r e  a l s o  reduced when l a r g e  diameter 
r a t i o s  a r e  used. An o u t l e t -  t o  i n l e t -d i ame te r  r a t i o  of 3.5 w a s  s e t  f o r  
t h i s  pump design ( f i g .  l ( c ) ) .  

Severa l  problems a r i s e  concerning t h e  f l u i d  v e l o c i t i e s  i n  t h e  pump 
r o t o r  passage. To i l l u s t r a t e  t h e s e  problems, f low i n  a r ad ia l -b l aded  
r o t o r  i s  shown i n  f i g u r e  2 .  The dr iv ing  b lade  su r face  develops a pres-  
sure h igher  than  t h e  t r a i l i n g  b lade  surface.  The pressures  a r e  i n d i c a t e d  
as + and - reg ions  i n  f i g u r e  2(a) and a r e  t h e  normal p re s su re  d i s -  
t r i b u t i o n s  r equ i r ed  f o r  t h e  r o t o r  t o  exe r t  a torque on t h e  f l u i d .  An 
"eddy" condi t ion  occurs  when t h e  ve loc i ty  i n  t h e  high (+) pres su re  reg ion  
drops t o  zero  and r e v e r s e s o  This i s  i l l u s t r a t e d  by s t reaml ines  i n  one 
of t h e  passages of f i g u r e  2 ( b )  and i s  d iscussed  i n  re ference  2 .  
f low r e v e r s a l  would be accompanied by increased  l o s s e s  and uns tab le  con- 
d i t i o n s .  A method of avoiding flow reve r sa l s  would be t h e  a d d i t i o n  of 
more b lade  su r faces ,  as shown i n  f i g u r e  Z(c) .  
b lades  has t h e  advantage of not increas ing  t h e  t r a i l i n g - s u r f a c e  veloc-  
i t i e s  t o  extreme values;  however, t he  a d d i t i o n a l  su r f ace  area does i n -  
c r ease  f r i c t i o n  l o s s e s ,  I n  t h e  pump r o t o r  designed f o r  t h i s  i n v e s t i g a -  
t i o n ,  i t  was found necessary t o  u t i l i z e  a l a r g e  number of s p l i t t e r  b lades  
and i n c r e a s e  t h e  r e l a t i v e  flow ve loc i ty  a long  t h e  hub of t h e  r o t o r .  The 
fo l lowing  d i scuss ion  w i l l  o u t l i n e  the  assumptions and methods used i n  t h e  
design of t h e  passages for t h i s  pump r o t o r .  

This  

The a d d i t i o n  of s p l i t t e r  

The passage design method ( r e f s .  3 and 4 )  used i n  t h i s  s tudy  was 
developed and used i n  t h e  design of centr i fugal-compressor  r o t o r s .  This 
method, using s t ream-fi lament  technique, g ives  a knowledge of v e l o c i t i e s ,  
p re s su res ,  and s t reaml ines  i n  t h e  a x i a l - r a d i a l  plane and approximate 
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v e l o c i t i e s  and p res su res  on t h e  b l ade  su r faces .  
4 d iscuss  t h e  method i n  d e t a i l ,  on ly  t h e  major po in t s ,  i t e r a t i o n s ,  and . 
assumptions f o r  t h e  design are given here in :  

S ince  r e fe rences  3 and 

(1) A d e s i r a b l e  hub shape was chosen as shown i n  f i g u r e  3(a). The 
i n l e t  hub- to - t ip  diameter  r a t i o  w z s  se t  a t  0.55. 
c o e f f i c i e n t  cp and do/di that were e s t a b l i s h e d  i n  t h e  preceding d i s -  
cuss ion ,  and assumed va lues  of hydraul ic  e f f i c i e n c y  and s l i p  f a c t o r ,  are 

This ,  wi th  t h e  f low 

s u f f i c i e n t  t o  determine t h e  familiar pump parameter s p e c i f i c  speed 

( 2 )  A b l ade  mean camber l i n e  w a s  descr ibed  as a parabola  p l u s  a 
s t r a i g h t  l i n e  when p ro jec t ed  on a cy l inde r ;  t h e  t r a n s i t i o n  from a para- 
b o l i c  shape t o  a s t r a i g h t  l i n e  i s  l o c a t e d  a t  p o i n t  A, as shown i n  f i g u r e  
3(a). 
f a c e  was thus  def ined .  Three b lades  were used a t  t h e  i n l e t .  Blade 
th ickness  was 5 percent  of t h e  i n l e t  passage width and w a s  maintained 
constant  throughout t h e  b lade  l eng th .  

0 

Since  a l l  b lades  were radial from p o i n t  A, t h e  complete b l ade  su r -  

.I 

( 3 )  The midpassage r e l a t i v e - v e l o c i t y  d i s t r i b u t i o n  shown i n  f i g u r e  
3 ( b )  was chosen t o  exis t  a long  t h e  hub. 

(4) Using a l i n e a r  d i s t r i b u t i o n  of s t a t i c  pressure  from b lade  t o  
b lade ,  t h e  b l ade  s u r f a c e  v e l o c i t i e s  a long  t h e  hub were c a l c u l a t e d  a t  
var ious  d i s t a n c e s  through t h e  impe l l e r  using t h e  method desc r ibed  i n  
re ference  4. 

(5) S p l i t t e r  b lades  ( t h i c k n e s s  equal  t o  main b l ades )  were added 
where t h e  b l ade  pressure-sur face  v e l o c i t y  became zero.  
pu ta t ions  assumed that t h e  s p l i t t e r  b l ades  and main b l ades  o b t a i n  the 
same pressure d i s t r i b u t i o n s .  

Subsequent com- 

( 6 )  This computation was repea ted  a t  e i g h t  equal  mass s t r eaml ines  
above the hub s e c t i o n  us ing  t h e  r e s u l t s  of t h e  previous s t r eaml ine .  The 
p r o f i l e  of  t h e  e i g h t h  mass s t r eaml ine  i s  shown i n  f i g u r e  4. 
pos i t i on  a t  which s p l i t t e r  blades were s t a r t e d  i s  a l s o  i n d i c a t e d  on t h i s  
f i g u r e  . 

The requ i r ed  

The hub and c a l c u l a t e d  shroud f l u i d  v e l o c i t i e s  are shown i n  f i g u r e  
I n  t h i s  f i g u r e  a l l  v e l o c i t i e s  have been d iv ided  by t h e  f l u i d  r e l a t i v e  5. 

v e l o c i t y  a t  t h e  i n l e t  r o t o r  t i p  
p l o t t e d  a g a i n s t  t h e  percent  of f low pa th .  

Vk,i. This  v e l o c i t y  r a t i o  has been 
The v e l o c i t y  d i s t r i b u t i o n  
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along m e  rotor hub is shown as dashed curves, whereas the velocity dis- 
tribution along the rotor shroud is shown as solid lines. The hub mid- 
passage velocity, which was varied until suitable design conditions were 
established, shows a decrease from 0.58 to 0.43 over the first 20 percent 
of the passage length and then increases to become coincidental with the 
shroud mean velocity. The blade surface velocities have been faired, 
especially in the regions where splitter blades were added, since the 
solution does not account for flow adjustment upstream and near the lead- 
ing edge of the added blades. On both the trailing and driving surfaces, 
decreasing velocities occur, followed by an increasing velocity, with 
the calculated relative velocity on the blade driving surface finally 
falling off to zero. 
tions indicate large differences in velocity from the driving to the 
trailing surfaces. In the real case, however, as the fluid leaves the 
rotor it must adjust to a uniform flow some distance downstream. This 
adjustment is felt in the latter portion of the pump rotor passage; thus, 
there will be a reduction in this large cross-channel velocity differ- 
ence. This adjustment is not indicated by the design method used for 
this pump rotor. 

In the latter portion of the passage the calcula- 

The midpassage relative fluid velocity at the shroud decreases from 
1.0 to 0.88 at about 30-percent flow-path length, after which this ve- 
locity increases to about 0.91 at 40 percent of flow-path length and 
gradually drops off to 0.725 at the exit. Thus, along the shroud the 
fluid has encountered an overall decrease in midpassage velocity from 
1.0 to 0.725, whereas the hub velocity has experienced an overall ac- 
celeration from 0.58 to 0.725. The midpassage relative velocities be- 
come coincidental in the latter part of the passage as the effect of the 
axial-radial streamline curvature is no longer felt. The blade driving- 
surface velocities indicate that along the shroud the velocity ratio 
decreased continuously from 1.0 to 0.0 through the machine. The hub 
driving-face velocity decreases rapidly at first, then increases and 
approaches the shroud driving-surface velocity contour at about 0.6 
passage length. The blade trailing-surface velocities, both hub and 
shroud, decrease over the first portion of the passage and then in- 
crease, becoming coincidental near the blade discharge. All surfaces in 
the impeller experienced flow deceleration over a portion of the flow 
path, which contributes to flow losses. The velocity distributions shown 
in figure 5 were considered acceptable for the rotor used in this in- 
vestigation. It should be pointed out that several variations of hub 
shape and hub relative-mean-velocity distributions were investigated 
before this compromise among velocities, blade numbers, and shroud shape 
was accepted. 

The calculated shroud contour with the location and number of 
blades for the pump design is shown in figure 6. This passage was cal- 
culated on the basis of ideal flow. To obtain the design velocity dis- 
tributions at the design flow rate, it is necessary to allow some excess 
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f low area  because of i n e f f e c t i v e  f low reg ions  such as boundary l a y e r  t h a t  
develop wi th in  t h e  pump r o t o r .  The magnitude of i n e f f e c t i v e  flow area . 
i s  dependent on t h e  r a t i o  of su r face  a r e a  t o  f low area and t h e  e x t e n t  of 
t h e  flow dece le ra t ions  that are experienced on t h e s e  su r faces .  Thus, 
f o r  c e n t r i f u g a l  pump r o t o r s  designed wi th  t h e  gene ra l  concepts u t i l i z e d  
i n  t h i s  i n v e s t i g a t i o n ,  t h e  excess  f low area requ i r ed  a t  t h e  r o t o r  d i s -  
charge may be dependent mainly on t h e  r a t i o  of su r face  a r e a  t o  f low area. 
I n  NACA c e n t r i f  ugal-compressor r e sea rch  ( r e f .  5 ) ,  optimum performance 
w a s  obtained a t  excess  flow areas 0.4 t o  0 . 7 .  These compressors had a 
diameter r a t i o  of about  2. 

t h e  re ference  data t o  t h e  diameter r a t i o  of 3.5 used i n  t h i s  i n v e s t i g a t i o n  
i n d i c a t e s  that a n  excess  area of about  1.3 should be  u t i l i z e d .  
or less a r b i t r a r y  excess-area allowance w a s  a p p l i e d  l i n e a r l y  a long  t h e  
meridional  l eng th  from 0 a t  the  i n l e t  t o  1.3 a t  t h e  e x i t  by i n c r e a s i n g  t h e  
hub-to-shroud d i s t ance .  The r e s u l t i n g  shroud i s  shown i n  f i g u r e  6. 

Y The r a t i o  of sur face  area t o  f low area v a r i e s  
Ex t rapo la t ion  of 

P 
-3 
UI roughly as t h e  o u t l e t -  t o  i n l e t -d i ame te r  r a t i o  squared. 

This  more 

The examination of t he  des ign  requirements of a r ad ia l -b l aded  pump 
r o t o r  has i n d i c a t e d  s e v e r a l  f a c t o r s .  Besides t h e  requirement of flow- 
passage length ,  s e v e r a l  mechanical f a c t o r s  i n d i c a t e  t h a t  f a i r l y  l a r g e  
changes between i n l e t  and o u t l e t  diameters  are desirable. Large numbers 
of partial b lades  o r  s p l i t t e r s  a r e  r equ i r ed  t o  hold  t h e  b lade  s u r f a c e  
v e l o c i t i e s  w i th in  reasonable  l i m i t s .  The passage design method seems t o  
r e s u l t  i n  reasonable  d e f i n i t i o n  of f l u i d  v e l o c i t i e s  throughout t h e  pump 
r o t o r .  Freedom t o  vary t h e  hub curva ture  and hub mean-re la t ive-ve loc i ty  
d i s t r i b u t i o n  a small amount seems t o  have r e s u l t e d  i n  s u i t a b l e  d i s t r i -  
bu t ions  of s p l i t t e r  b lades  and v e l o c i t y  g r a d i e n t s  throughout t h e  r o t o r  
passage. 

c 

. 

AF'PARATUS AND METHODS 

Pump Rotor 

A 4-inch-diameter pump r o t o r  w a s  b u i l t  u t i l i z i n g  t h e  design informa- 
t i o n  descr ibed i n  t h e  preceding s e c t i o n .  The p e r t i n e n t  dimensions of 
t h i s  impel le r  a r e  shown i n  t h e  ske tch  of f i g u r e  7. For t h i s  s i z e  pump 
r o t o r ,  the  b l ade  he igh t  a t  d ischarge  i s  0.048 inch ,  and t h e  b l ade  t h i c k -  
ness  i s  0.061 inch.  Hub and shroud coord ina te s  are t a b u l a t e d  i n  f i g u r e  
7 .  Since a l l  b lade  elements are radial, t h e  b l ade  mean l i n e  can be  given 
as ind ica t ed  by 2-8 coord ina tes  on t h e  ske tch  and t a b l e  of f i g u r e  7. 

A photograph of t h e  pump r o t o r s  wi th  and without  t h e  a t t a c h e d  
r o t a t i n g  shroud i s  shown i n  f i g u r e  8. The unshrouded r o t o r  i n d i c a t e s  
t he  t h r e e  f u l l  b lades  from i n l e t  t o  o u t l e t  and t h e  a d d i t i o n  of s p l i t t e r  
b lades  u n t i l  a t o t a l  of 36 b lades  ex is t  over  t h e  o u t e r  p o r t i o n  of t h e  
r o t o r .  The shrouded r o t o r  was machined from s t a i n l e s s  s t e e l  w i th  a 
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s t a i n l e s s - s t e e l  shroud furnace-brazed t o  t h e  b lade  t i p s .  The unshrouded 
r o t o r  w a s  machined from aluminum. This pump w a s  opera ted  with about  
0.006-inch a x i a l  c learance  a t  t h e  r o t o r  e x i t  between t h e  b lade  and t h e  
Teflon s t a t i o n a r y  shroud. 

Te s t F a c i l i t y  

A schematic diagram of t h e  t es t  loop used i n  t h i s  i n v e s t i g a t i o n  i s  
shown i n  f i g u r e  9. A 1000-gallon vacuum-jacketed t r a n s p o r t a b l e  Dewar  
w a s  used as a liquid-hydrogen tank.  The f low pa th  of hydrogen w a s  from 
t h e  Dewar t o  t h e  t e s t  pump, through a Venturi  mounted i n  t h e  piping,  a 
t h r o t t l e  valve,  and back i n t o  t h e  Dewar. Shutoff  va lves  were placed i n  
t h e  pump i n l e t  and d ischarge  p ip ing .  P ip ing  i n  t h e  t e s t  loop  w a s  vacuum- 
j acke ted  with a n  i n s i d e  diameter of 1.5 inches wi th  s u i t a b l e  f l e x i b l e  
sec t ions .  A l l  va lves  i n  t h e  t e s t  loop were vacuum-jacketed and remote- 
con t ro l l ed .  Connections t o  a hydrogen-gas vent  system were made through 
remote-control  va lves  t o  t h e  Dewar, pump assembly, and between ad;acent 
va lves  i n  t h e  t e s t  loop.  

For s a f e t y  reasons,  a n  over r id ing  a d j u s t a b l e  p re s su re  swi tch  operatec 
these  ven t  va lves ,  and a b u r s t  d i s k  was i n s t a l l e d  around each valve.  The 
vent  l i n e s  were connected t o  a 6-inch-diameter vent  manifold t h a t  extendec 
300 f e e t  from a l l  equipment t o  a gas burner .  The burner  w a s  provided 
with a n  automatic  p i l o t  flame, and f o r  f u r t h e r  s a f e t y  a small n i t rogen-  
gas  f low w a s  maintained through t h e  vent  manifold.  Other a u x i l i a r y  
systems inc lude  a helium-gas supply and vacuum connect ion f o r  purging 
t h e  t e s t  loop, and a hydrogen-gas supply system for p r e s s u r i z i n g  t h e  
Dewar. Opera t iona l  and mechanical experiences obta ined  i n  t h i s  inves-  
t i g a t i o n  are presented  i n  appendix B. 

The pump assembly i s  shown i n  the d e t a i l e d  ske tch  of f i g u r e  10. It 
c o n s i s t s  of a c a n t i l e v e r e d  v e r t i c a l  pump arrangement having t w o  b a l l  
bear ings  and t h r e e  carbon f a c e  seals. The pump r o t o r  u t i l i z e s  a carbon 
f a c e  seal  on t h e  f r o n t  f a c e  of t h e  r o t o r  t o  prevent  backflow between 
t h e  pump o u t e r  shroud and s t a t i o n a r y  housing. 
t r a n s f e r  t o  t h e  working f l u i d ,  t h e  pump package w a s  immersed i n  a tank 
of l i q u i d  hydrogen kept  a t  a constant  l e v e l  and atmospheric p re s su re .  
The t ank  of l i q u i d  hydrogen and t h e  pump bear ing  housing were vacuum- 
j acke ted  as shown i n  f i g u r e  10. 

I n  o rde r  t o  minimize hea t  

A commercial air  t u r b i n e  w a s  used t o  d r i v e  t h e  pump. The t u r b i n e  
was powered by t h e  s e r v i c e  air system and exhausted t o  t h e  atmosphere. 
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Ins t rumenta t ion  

All pres su re  measurements were taken  by pressure  t ransducers .  I n  
o rde r  t o  a s s u r e  t h a t  no l i q u i d  hydrogen reached t h e  p re s su re  t ransducer ,  
a length  o f  tub ing  w a s  used t o  connect each t ransducer  t o  t h e  r i g .  Car- 
bon r e s i s t o r s ,  approximately 0.07 inch  i n  diameter and 0.15 inch  long, 
were used to measure temperatures  because t h e i r  r e s i s t a n c e  i n c r e a s e s  
exponent ia l ly  as temperature  decreases  i n  t h i s  temperature  range. 
carbon r e s i s t o r s  were s t a b i l i z e d  by s p e c i a l  p rocess ing  and cyc l ing  be- 
tween normal and low temperature.  The r e s i s t o r s  were checked and 
c a l i b r a t e d  pe r iod ica l ly .  

These 

Pump i n l e t  ins t rumenta t ion  cons i s t ed  of t h r e e  sh i e lded  carbon 
r e s i s t o r  probes ( f i g .  l l ( a ) )  and w a l l  s t a t i c - p r e s s u r e  t a p s ,  Pump d i s -  
charge pressure was obta ined  by a s t a t i c  w a l l  t a p  i n  t h e  t o r u s .  
pe ra tu re  probe l o c a t e d  about  2 f e e t  from t h e  t o r u s  c o l l e c t o r  i n  t h e  
jacke ted  p ip ing  measured t h e  temperature  of t h e  l i q u i d  e n t e r i n g  t h e  
Venturi  flowmeter. To ta l  p re s su re  ahead of t h e  Venturi  t h r o a t  w a s  a l s o  
obta ined  i n  o rde r  t o  compute flow rate. 
magnetic-type speed pickup and e l e c t r o n i c  counter .  

A t e m -  

Pump speed w a s  measured by a 

Liquid l e v e l  i n  t h e  ven t  l i n e s  w a s  i n d i c a t e d  by carbon r e s i s t o r  
probes ( f i g .  l l ( b ) ) .  
c o n t r o l  au tomat ica l ly  the  l e v e l  of l i q u i d  hydrogen i n  t h e  pump co ld  bath.  

Two l e v e l  probes (spaced 1 i n .  apart) were s e t  t o  

DISCUSSION OF PUMP ROTOR PERFORMANCE 

Both t h e  shrouded and unshrouded pump r o t o r s  were opera ted  i n  l i q u i d  
hydrogen. The experimental  r e s u l t s  are presented  i n  t h i s  s e c t i o n .  

The performance of t h e  4- inch r ad ia l -b l aded  shrouded pump r o t o r  i n  
The p res su re  r i s e  developed f o r  l i q u i d  hydrogen is  shown i n  f i g u r e  1 2 .  

cons tan t  r o t a t i o n a l  t i p  speeds of 196, 274, 353, and 392 f e e t  p e r  second 
i s  shown over t h e  range of flows obta ined  i n  this i n v e s t i g a t i o n .  The 
curve f o r  t h e  d a t a  po in t  ob ta ined  a t  a t i p  speed of 392 fee t  p e r  second 
i s  t h e  cor rec ted  average data obta ined  a t  t h e  lower speeds.  I n  gene ra l ,  
f o r  a given speed t h e  pressure  r ise  i s  cons tan t  over  a range of flow 
rates and fa l ls  o f f  a t  t h e  low end of t h e  flow range. This decrease i n  
pressure  r i s e  i s  due t o  a reduct ion  i n  t a n g e n t i a l  v e l o c i t y  imparted t o  
t h e  f l u i d  ( a n  inc rease  i n  s l i p  f a c t o r  f s )  and/or a n  i n c r e a s e  i n  f l u i d  
l o s s e s  i n  pass ing  through t h e  r o t o r .  I n  t h i s  case ,  probably both  f a c t o r s  
combine t o  r e s u l t  i n  t h e  reduced p res su re  r i s e  i n  t h e  low-flow region.  
A t  a t i p  speed of 392 f e e t  p e r  second a p res su re  r ise of about  82 pounds 
pe r  square inch  was obta ined  a t  a flow of 56 ga l lons  per  minute.  This 
corresponds t o  a head r i s e  of about  2690 f e e t  of hydrogen. 

. 

p’ 



m 
F 
d 

I w 

cu 
J 
-u 

9 

Head coefficient JI i5 plotted against flow coefficient cp in 
figure 13. Above a flow coefficient of 0.2 the head coefficient is 0.585. 
Below a flow coefficient of 0.2 the head coefficient falls off rapidly. 
The head coefficient for a radial outlet pump is equal to the product of 
slip factor and pump efficiency. If a slip factor of 0.9 is assumed (ref. 
6) for values of flow coefficients above 0.2, the hydraulic efficiency of 
this p m p  would be in the order of 0.65. Since the specific speed NS of 
this pump at the design flow coefficient of 0.24 is only about 420, this 
is thought to be a reasonably good hydraulic efficiency. 

Because the experimental performance is relatively good, it can be 
presumed that the relative velocity gradients obtained in this pump 
rotor approached design values. Since no data were obtained to determine 
the velocity gradients that exist in this rotor, the design velocity 
gradients cannot be checked, and the assumption of an excess area of 1.3 
at the rotor discharge cannot be evaluated. It should be pointed out 
that the excess-area allowance was made large because of the very large 
ratio of friction surface area to flow area of this pump rotor. This value 
may not be typical for pumps having higher specific speeds. 

The unshrouded rotor was also experimentally investigated in liquid 
hydrogen. The head and flow coefficients obtained with the unshrouded 
rotor are shown in figure 14. The head coefficients generally decrease 
with increasing flow coefficient. Thus, the shape of head characteristic 
curve is changed as well as being somewhat lower than that of the shrouded 
rotor (dashed curve in fig. 14). 
rotor and the losses experienced by this rotor must be sizably different 
from those for the shrouded rotor. The running clearance between the 
blade tips and the stationary shroud was set at 0.012 inch at the rotor 
inlet and 0.006 inch at the pump discharge. Since at the rotor dis- 
charge the blade height was only 0.048 inch, the clearance is about 12 
percent of the blade height. Leakage through the clearance space should 
be expected to have a sizable effect on the resulting flow pattern. 

Thus, the flow out of the unshrouded 

SUMMARY REMARKS 

Centrifugal pumps for liquid hydrogen are characterized by radial 
blading and high rotor tip speed. These factors make liquid-hydrogen 
pumps somewhat different from pumps for normal high-density liquids. 
The following remarks can be made concerning this design study and ex- 
perimental investigation: 

1. Since hydrogen pumps require a relatively high head rise, critical 
velocity gradients are encountered in the rotor passages. In this inves- 
tigation a stream-filament method was utilized to indicate blade surface 
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v e l o c i t i e s  throughout t h e  r o t o r .  A 4-inch-diameter pump r o t o r  r equ i r ed  
t h r e e  blades a t  t h e  pump i n l e t ;  and, t o  avoid  ze ro  v e l o c i t y  o r  f low 
reve r sa l ,  success ive  groups of s p l i t t e r s  were added u n t i l  36 b lades  were 
requi red  i n  t h e  l a t t e r  po r t ion  of t h e  pump r o t o r .  
d r iv ing-b lade-sur face  v e l o c i t i e s  of ze ro  are ind ica t ed  a t  t h e  d ischarge .  

Even wi th  36 b lades ,  

2 .  The design c a l c u l a t i o n s  do no t  def ine  t h e  e f f e c t  of f l u i d  l o s s e s  
on ve loc i ty  g r a d i e n t s  o r  t h e  adjustment  of t h e  flow t o  uniform flow con- 
d i t i o n s  near  t h e  impe l l e r  discharge.  

3. The 4-inch-diameter shrouded pump r o t o r  ob ta ined  a p res su re  r i se  
of about €32 pounds p e r  square inch  i n  t h e  f low range from 55 t o  70 
ga l lons  per  minute a t  a r o t o r  t i p  speed of 392 fee t  per  second. This i s  
comparable t o  a p res su re  c o e f f i c i e n t  of 0.585 a t  flow c o e f f i c i e n t s  above 
0.2.  
l i m i t s ,  i n  the  o rde r  of a 1200-foot-per-second t i p  speed, a p res su re  
r i s e  of about 770 pounds p e r  square i n c h  could be expected. 

I f  t h i s  pump r o t o r  were opera ted  a t  t i p  speeds approaching stress 

4. One of t h e  major areas of unce r t a in ty  w a s  t h e  amount of  excess-  
area allowance t o  e s t a b l i s h  t h e  d e s i r e d  v e l o c i t y  d i s t r i b u t i o n .  I n  t h i s  
4-inch-diameter r o t o r  with a diameter r a t i o  of 3.5, a n  excess  a r e a  of 
1.3 times t h e  design flow area w a s  used a t  t h e  r o t o r  d i scharge .  S ince  
the  r o t o r  performance w a s  r e l a t i v e l y  good, t h e  excess  area i s  probably 
of t h e  r i g h t  order  of magnitude f o r  t h i s  type  of r o t o r .  However, it 
w a s  not poss ib l e  experimental ly  t o  determine t h e  v e l o c i t y  d i s t r i b u t i o n s .  

5. An unshrouaed ve r s ion  of t h i s  pump r o t o r  w a s  a l s o  opera ted  i n  
l i q u i d  hydrogen. A l a r g e  decrease from performance of t h e  shrouded r o t o r  
was obtained. This might have been expected from t h e  f a c t  t h a t  t h e  min- 
i m u m  allowable blade t i p  c learance  w a s  l a r g e  compared with t h e  passage 
he ight .  

Lewis  Research Center 
Nat ional  Aeronautics and Space Adminis t ra t ion 

Cleveland, Ohio, May 13, 1960 
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SYMBOLS 

cons t an t  

diameter ,  f t  

a c t u a l  t a n g e n t i a l  v e l o c i t y  
i d e a l  t a n g e n t i a l  v e l o c i t y  

s l i p  f a c t o r ,  o r  

a c c e l e r a t i o n  due t o  g r a v i t y ,  f t / s e c 2  

t o t a l  p ressure  head, f t  

pump head rise, f t  

n e t  p o s i t i v e  suc t ion  head, Hi - hv 

vapor pressure ,  f t  

PUT? speed, rpm 

spec i f  i c  speed, N & / L U I ~ / ~  

pump p res su re  r ise ,  ~ b / s q  i n .  

f low rate, gpm 

rad ius  measured from a x i s  of r o t a t i o n ,  f t  

suc t ion  s p e c i f i c  speed, N&/HsV 3/4 

pump t i p  speed, f t / s e c  

ve loc i ty ,  f t / s e c  

axial l eng th ,  f t  

e f f i c i e n c y  

c i r c u m f e r e n t i a l  angle ,  deg 

i 
f low c o e f f i c i e n t ,  

11 

head c o e f f i c i e n t ,  @;c\H/Uo 2 
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Subscr ip ts  : 

h pump r o t o r  hub 

i pump r o t o r  i n l e t  

0 pump r o t o r  o u t l e t  

S 

Z 

shroud 

a x i a l  d i r e c t i o n  

Superscr ip t  : 

t denotes condi t ions  r e l a t i v e  t o  a blade row 

. 
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APPENDIX B 

OPERATIONAL AND MECHANICAL EXPERIENCE 

Because of the unique properties of liquid hydrogen, operational 
and mechanical problems were encountered during testing operations. The 
source of these problems was traced back to design, construction, and 
operational techniques. It is felt that a discussion of the operational 
and mechanical experience obtained in this investigation will be of 
interest to the reader. 

In the design of the pump package (fig. 10) neoprene O-rings were 
used to seal flanges at atmospheric temperature. Stainless-steel O-rings 
were used in flanges at or near liquid-hydrogen temperature. Some of 
the stainless-steel O-rings did not seal satisfactorily because of sur- 
face imperfection. In order to assure perfect seals at every assembly, 
the metal O-rings were replaced and plated with silver (0.0006 to 0.0008 
in,), which formed an adequate seal surface when the O-ring was 
compressed. 

Carbon face seals running against the pump inlet shroud surface, 
back surface of the pump, and on the pump side of the lower bearing were 
found to wear excessively. A carbon with an impregnated lubricant was 
substituted and found to extend seal life considerably when the contact 
surface vas 304 stainless steel. Face-seal failures also occurred be- 
cause of bearing-oil lubricant on the seal surfaces, which were near 
liquid-hydrogen temperatures. These failures were stopped at the ex- 
pense of decreased bearing life by lubricating both bearings with a low- 
temperature grease. Performance of the two face seals above the pump 
rotor was also improved when the gas pressure between the seals was 
regulated. 

Resistance-type heating coils around the outer diameter of the 
bearing housing were used to increase temperature to that required by 
the bearing lubricant. 
prevent the lower bearing outer race from shrinking and brinelling the 
contact surface. Bearing performance improved considerably when radial 
clearances were increased to 0.0006 to 0.0010 inch (standard radial 
clearance is 0.0002 to 0.0006 in. for this size bearing). 

This additional heat was not enough, however, to 

Vacuum-jacketed piping utilized in this investigation employed a 
single "warm" gas seal bayonet-type joint. Because of excessive clear- 
ances between mating bayonet joints, leaks developed that did not occur 
when the system was pressure-checked at ambient temperature and liquid- 
nitrogen temperature. 
stopped further seal failures at pipe flange joints. 

Teflon spacers and rugged bolt-type flange clamps 
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Before hydrogen (liquid or gas) was introduced into the test system, 
The' purge method consisted of evacuat- the system was thoroughly purged. 

ing the system to 25 inches of mercury and pressurizing with helium gas 
to 10 pounds per square inch gage. Complete purging was assured by re- 
peating this process. A constant flow of nitrogen gas (2 psig) through 
the main vent line leading to the burner head was started during the 
second system purge and maintained during testing operation in order to 
keep air from entering the vent system. 
pressure, the tubing connecting pressure taps and transducers was also 
purged by bleeding the lines at the tubing connectors near the pressure 

When the system was under helium 

? 
tf 

transducers. 
... 
C 

During the pump operation, temperature stratification in the liquid- 
hydrogen Dewar was observed. This was due to the temperature rise from 
pump energy addition and heat leak into the flow system, which resulted 
in a decrease in density of the fluid returning to the top of the Dewar. 
The low-density hydrogen apparently remained stratified in the Dewar 
under the operating conditions of flow and pressure. 
manifested in two ways. First, in order to maintain a moderate tank 
pressure (20 psig) during pump operation, it was necessary to bleed 
sizable quantities of hydrogen vapor from the Dewar. Secondly, the pump 
inlet temperature remained at about 37' R until almost the entire volume 
had been pumped through the cycle, after which the inlet temperature rose 
very quickly to the vapor-pressure conditions in the tank. 
change in inlet conditions resulted in a large reduction in net positive 
suction head, and the pump became vapor-bound. 
cannot be designed assuming the fluid to be at uniform equilibrium con- 
ditions in the Dewar. 

This phenomenon was 

c 

This step 

Thus, such test loops 
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high pressure 6' 
(a)  Desired through-flow 

v e l o c i t y  and pressure 
condi t ions.  

( b )  Eddy o r  reverse  i"lci~. 

( e )  S p l i t t e r  vanes t o  avoid 

Figure 2. - Pressure and ve loc i ty  d i s t r i b u t i o n s  i n  r a d i a l  7 .  

eddy condition. 
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E'i;:ure 3. - Centrifugal-pump hub 
s pe c i f  i c a t  i ons . 
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Figure 4. - Hub and c a l c u l a t e d  shroud 
contours.  
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F igure  5. - Design hub and shroud r e l a t i v e  v e l o c i t i e s  of a 
c e n t r i f u g a l  pump r o t o r .  
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Figure 6. - Design hub-shroud contours  
and area allowance contour f o r  a cen- 
trifugal pump r o t o r .  
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Figure 10. - Schematic of pump assembly. 
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Figure 12. - Shrouded centrifugal-pump performance 
i n  l i q u i d  hydrogen. 
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Figure 13. - Pump similarity performance. 
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Figure 14. - Performance comparison of shrouded and un- 
shrouded pumps in liquid hydrogen. 
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